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Gas turbineAbstract Regions that experience ambient temperatures rising during hot seasons have signiﬁcant
losses and impacts on both output power and efﬁciency of the gas turbine. When the ambient tem-
perature increases, the air mass ﬂow rate decreases, and hence leads to reduce the gas turbine pro-
duced power. Ambient air can be cooled by using either evaporative cooler or absorption chiller.
Currently, the performance was simulated thermodynamically for a natural gas operated gas tur-
bine. The performance was tested for the base case without any turbine inlet cooling (TIC) systems
and compared with the performance for both evaporative cooler and absorption chiller separately
in terms of output power, thermal efﬁciency, heat rate, speciﬁc fuel consumption, consumed fuel
mass ﬂow rate, and economics. Results showed that at air ambient temperature equals to 37 C
and after deducting all the associated auxiliaries power consumption for both evaporative cooler
and absorption chiller, the absorption chiller with regenerator can achieve an augmentation of
25.47% in power and 33.66% in efﬁciency which provides a saving in average power price about
13%, while the evaporative cooler provides only an increase of 5.56% in power and 1.55% in efﬁ-
ciency, and a saving of 3% in average power price.
 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
For power production turbine, the inlet pressure shall be
higher than that at the exit. The function of the compressor
is to provide this increase in pressure. If air is compressed
and discharged through the turbine, the energy expanded in
the turbine will be less than that required to drive the compres-
sor because of the losses occured in both the compressor andturbine, and the engine will barely rotate [1], but when adding
energy to the discharged compressed air equals to the losses
happened in both the turbine and compressor, and the pro-
duced power will be enough only to rotate the shaft without
producing net output. Additional energy shall be added to
the compressed air, which can be achieved by burning fuel in
the combustion chamber positioned between compressor and
turbine.
Gas turbines performance deteriorates badly when the
ambient temperature increases. The signiﬁcant inﬂuence of
ambient temperature rise on power and thermal efﬁciency
has been proven. Methods to improve gas turbine power at
high ambient temperatures such as wet compression and water
injection were developed. However, these methods lead to
Nomenclature
CP speciﬁc heat at constant pressure, kJ/kg K
CPa air average speciﬁc heat at constant pressure
across compressor, kJ/kg K
CPg exhaust gases average speciﬁc heat at constant
pressure across turbine, kJ/kg K
CPw water speciﬁc heat at constant pressure, kJ/kg K
COP coefﬁcient of performance
h enthalpy, kJ/kg
hfg speciﬁc enthalpy, kJ/kgvapor
HR heat rate, kJ/kW h
LHV fuel lower heating value, kJ/kg
_ma air mass ﬂow rate, kg/s
_mf fuel mass ﬂow rate, kg/s
_mt exhaust gasses mass ﬂow rate, kg/s
P pressure, N/m2
Pt total pressure, N/m
2
Pv vapor pressure, N/m
2
Pvdb vapor pressure at dry bulb temperature, N/m
2
Qa absorber heat, kW
Qadd heat added, kW
QC condenser heat, kW
Qe evaporator heat, kW
Qg generator heat, kW
R universal gas constant, kJ/kg K
rp pressure ratio
RH relative humidity, %
SFC speciﬁc fuel consumption, kg/kW h
T temperature, K
Tcw in chilled water inlet temperature, C
Tcw out chilled water outlet temperature, C
Tdb dry bulb temperature, C
Tw water temperature, C
Twb wet bulb temperature, C
V volumetric ﬂow rate, m3/s
WC compressor work, kW
Wnet net work, kW
WP pump work, kW
WT turbine work, kW
Greek symbols
q density, kg/m3
x moisture content, kgvapor/kgair
xdb moisture content at dry bulb temperature, kgvapor/
kgair
gC;isen isentropic efﬁciency of the compressor.
gC;m mechanical efﬁciency of the compressor
gT;isen isentropic efﬁciency of the turbine
gT;m mechanical efﬁciency of the turbine
g;cc combustion efﬁciency
gth thermal efﬁciency
DPinlet inlet pressure loss, N/m
2
DPcc pressure drop through combustion chamber, N/m
2
ehe;LT low temperature generator effectiveness
ehe;HT high temperature generator effectiveness
eevap evaporative cooler effectiveness
ereg regenerative effectiveness
c speciﬁc heat ratio
k circulation ratio
A
F Air to Fuel ratio.
Subscripts
a actual temperature
reg regenerator
Abbreviations
TIC turbine inlet cooling
ISO International Organization for Standardization
EOH equivalent operating hours
1904 A.A. El-Shazly et al.some defects such as shorten equipment lifetime and increase
maintenance costs. The inlet air to the compressor can be
cooled, thereby boosting the output power at high ambient
temperatures which is called turbine inlet cooling. Several
types of research have extensively studied the different turbine
inlet cooling methods to enhance gas turbine performance. Al-
Ibrahim and Varnham [2] reported that refrigeration systems
could be whether absorption or mechanical compression. Run-
ning costs for mechanical chillers are less expensive than those
for absorption chillers, but initial costs and auxiliaries’ power
consumption are extremely higher which may reach about
30% of the produced power. In addition, Jaber et al. [3] stud-
ied the effect of cooling gas turbine intake air by using the
evaporative and cooling coil. The results showed output power
is similar for both evaporative cooling and chiller system which
is about 1.0–1.5 MW, but the power consumed by mechanical
chiller auxiliaries is higher, and hence the overall output
decreases. Moreover, Alhazmy and Najjar [4] reported that
the spray coolers are cheaper than chiller coils. However, they
are directly limited by ambient temperature and relativehumidity. Spray cooler is able to reduce air ambient tempera-
ture by 3–15 C, increasing power by 1–7%, and efﬁciency by
3%, while chiller coils provide complete control for air temper-
ature, despite the higher power consumption which is sub-
tracted from the output power. On the other hand Nasser
and El-Kalay [5] recommended the use of a single effect
water-lithium bromide absorption chiller system in Bahrain
for cooling intake air of gas turbine, which is capable of
increasing power output by 20% in summer. Lowering air tem-
perature by 10 C at 40 C ambient condition leads to increase
power by 10%. In addition, Hosseini et al. [6] studied the per-
formance of evaporative cooler system on gas turbines
installed in Fars power plant in Iran. The results showed that
the output power increases by 11 MW at 38 C ambient tem-
peratures and 8% relative humidity, and a reduction of
19 C in inlet air temperature can be achieved by evaporative
cooling. The payback period is about four years considering
a gain of 5280 MW h and the selling price of 2.5 Cents/
kW h. On the other hand, Ameri and Hegazi [8] used a steam
absorption chiller with air cooler in order to cool intake air of
Table 1 Gas turbine technical characteristics [14,16].
Load condition Base case
Pressure ratio 11
Fuel lower heating value, kJ/kg 47,233
Inlet pressure loss, mm H2O 100
Exhaust pressure loss, mm H2O 200
Combustion chamber pressure loss, % 1.2
Turbine inlet temperature, K 1385
Exhaust gases volumetric ﬂow rate, m3/s 117
Compressor isentropic eﬃciency, % 85.4
Turbine isentropic eﬃciency, % 86.8
Combustion eﬃciency, % 99
Evaporative cooler eﬀectiveness, % 90
Regenerative eﬀectiveness, % 90
Gas turbine performance enhancement 1905Chabahar gas turbine power plant. This system provided an
increase of 11.3% in output power, and the estimated cost of
electricity generated was 1.45 Cents/kW h, which leads to
about 4.2 years payback period. Furthermore, Boonnasa
et al. [9] proposed a steam absorption chiller to cool gas tur-
bine inlet air. This system is capable of increasing the output
power output by about 10.6% and 6.24% for gas turbine
and combined cycle power plant respectively. Mohanty and
Paloso [10] studied the use of absorption chiller to cool intake
air of the gas turbine. Results showed that reducing ambient
temperature to 15 C increases output power by 11%. Dawoud
et al. [11] investigated the auxiliary power consumption for dif-
ferent turbine inlet cooling systems in Oman at two locations
named Marmul and Fahud considering evaporative cooler,
fogging, absorption chillers using both water-lithium bromide
and aqua-ammonia, and mechanical compression systems. The
water-lithium bromide chiller provides 40% and 55% more
energy than fogging at Fahud and Marmul, respectively. But
applying aqua-ammonia water and mechanical compression,
a further increase in annual energy production of 39% and
46% is predicted in comparison with water-lithium bromide
absorption chiller at Fahud and Marmul, respectively. Car-
mona [12] reported that the maximum recommended cost for
establishing an evaporative cooler system in Lagos-Nigeria
should be less than 9 MUSD. Popli et al. [13] reported that
at harsh ambient conditions which take place during summer
season in the Persian Gulf (55 C, 80% RH), power augmenta-
tion equals to 12.3 MW can be achieved by using three steam-
ﬁred, single-effect water-lithium bromide absorption chillers in
order to cool intake air temperature to 10 C. Santos and
Andrade [14] applied different turbine inlet cooling systems
in order to enhance the gas turbine performance for two
Brazilian sites called Campos and Goiania. The results showed
that the best turbine cooling system for both sites is the
absorption chiller in terms of energy cost and generation, while
the evaporative cooler has provided only a limited enhance-
ment for the performance with the lowest cost. Mohapatra
and Sanjay [15] investigated the use of vapor compression
and vapor absorption cooling methods integrated to a cooled
gas turbine on combined cycle plant performance. Air-ﬁlm
cooling has been adopted as the cooling technique for gas tur-
bine blades. It has been concluded that vapor compression
cooling improves the efﬁciency of simple cycle plant by
4.88% and power output by 14.77%, while in case of vapor
absorption cooling an increment of 17.2% in simple cycle out-
put power, and 9.47% in efﬁciency was achieved. However for
combined cycle conﬁguration vapor compression cooling
should be preferred over absorption cooling in terms of higher
plant performance. Finally, Mohapatra and Sanjay [16] stud-
ied the performance improvement of a cooled gas turbine
power plant by using two different means of inlet air cooling
which are evaporative cooing and vapor compression cooling.
Air-ﬁlm cooling has been adopted as the cooling technique for
gas turbine buckets. The results showed that the vapor com-
pression inlet air cooling improved the plant speciﬁc work by
18.4% and efﬁciency by 4.18%, compared to 10.48% and
4.6% respectively for evaporative cooling. In geographical
regions having low ambient relative humidity and low ambient
temperature however, evaporative inlet air cooling should be
preferred over vapor compression cooling in terms of higher
plant efﬁciency.Despite numerous researches that have been done on differ-
ent turbine inlet cooling techniques’ inﬂuence on gas turbine,
the present study has provided an edge beyond the other
researchers by testing the performance of the gas turbine with
a double-effect, indirect-ﬁred, reverse parallel ﬂow, water-
lithium bromide absorption chiller with regenerator over wide
temperature range (T= 283–313 K), relative humidity
(RH= 60%), ambient pressure (P= 101.3 kPa), and the ﬁred
gases enter the turbine at constant temperature equals to
1385 K in terms of output power, thermal efﬁciency, heat rate,
speciﬁc fuel consumption, consumed fuel mass ﬂow rate, and
economics. Table 1 lists the gas turbine characteristics. Both
inlet and outlet pressure drops were also considered.
2. Mathematical modeling of governing equations
The gas turbine is considered as a heat engine because it
receives heat at high temperature from a heat source, and pro-
duces power, and after that, it discharges the heat at a lower
temperature to a heat sink. Fig. 1 shows the schematic diagram
of a simple gas turbine cycle. The following equations describe
the detailed mathematical modeling [1,14]:
P 1 = Ambient pressure, kPa.
T 1 = Ambient temperature, K.
P3 ¼ P1  DPinlet ð1Þ
T3 ¼ T1 ð2Þ
P4 ¼ P3  rp ð3Þ
T4 ¼ T3  P4
P3
 c1
c
ð4Þ
gc;isen ¼
ðT4  T3Þ
ðT4a  T3Þ ð5Þ
P5 ¼ P4  ð1 DPccÞ ð6Þ
T6 ¼ T5  P6
P5
 c1
c
ð7Þ
Figure 1 Schematic of simple gas turbine cycle.
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gT;isen ¼
ðT5  T6aÞ
ðT5  T6Þ ð9Þ
q ¼ P3=ðR T3Þ ð10Þ
_ma ¼ q V ð11Þ
_mt ¼ _ma þ _mf ð12Þ
By applying the energy balance in the combustion chamber
at base case
_ma  CPa  T4 þ _mf  LHV ¼ _mt  CPg  T5 ð13Þ
Therefore the output power is equal to the work produced
by the turbine subtracted by compressor work:
Wnet ¼WT WC ¼ CPðT5  T6Þ  CPðT4  T3Þ ð14Þ
Power ¼ ð _mt  CPg  ðT5  T6Þ  gT;mÞ
 _ma  CPa  T4  T3gc;m
  
ð15Þ
The heat added into the combustion chamber is equal to the
following:
Qadd ¼ _mt  CPg  ðT5  T4Þ  g;cc ¼ _mf  LHV ð16Þ
The gas turbine thermal efﬁciency is determined by the
following:
gth ¼
Power
Qadd
¼ Power
_mt  CPg  ðT5  T4Þ  g;cc
ð17Þ
The heat rate can be determined by the following:
HR ¼ 3600
gth
ð18Þ
While the speciﬁc fuel consumption can be calculated from
the following:
SFC ¼ 3600
Power
ð19ÞThe output power will remain the same for the regenerative
cycle.
ereg ¼ T7  T4a
T6a  T4a ð20Þ
Powerreg ¼ Power ð21Þ
_ma;reg ¼ q V ð22Þ
_mt;reg ¼ _ma;reg þ _mf;reg ð23Þ
Powerreg ¼ ð _mt;reg  CPg  ðT5  T6Þ  gT;mÞ
 _ma;reg  CPa  T4  T3gc;m
  
ð24Þ
A
F
¼ _ma;reg
_mf;reg
ð25Þ
By applying the energy balance on the regenerator
_ma;reg  CPa  ðT7  T4aÞ ¼ _mt;reg  CPg  ðT6a  T8Þ ð26Þ
gth;reg ¼
Powerreg
Qadd;reg
¼ Powerreg
_mt;reg  CPg  ðT5  T7Þ  g;cc
ð27Þ
HRreg ¼ 3600gth;reg
ð28Þ
SFCreg ¼ 3600
Powerreg
ð29Þ3. Evaporative cooler employment
The most suitable system for cooling inlet air in warm areas is
evaporative cooler, as it cools the inlet air from dry bulb tem-
perature to a temperature close to wet bulb temperature by
evaporation of water and thus causing cooling and humidiﬁca-
tion. This results in increasing inlet air density, and mass ﬂow
rate.
Gas turbine performance enhancement 1907The system consists of water reservoir, vertical pump skid,
main header, distribution pipes, control valves, spray nozzles,
cooling media, drift eliminators, and return header as shown in
Fig. 2. Water is transferred from the reservoir which is located
below gas turbine air intake system by vertical pump and
pumped through main header to the top of cooling media.
Control valves distribute the water equally through distribu-
tion pipes to spray nozzles in order to ensure uniform amounts
of water reaching all cooling media sections. Water ﬂows
through cooling media by gravity, and in the same time air
passes through cooling media causing evaporation for some
part of water. As water evaporation takes place the air temper-
ature cools down. Some amounts of water may entrain in the
airstreams due to air ﬂow. Drift eliminators are installed in
order to prevent water droplets ingress to the compressor.
The rest of water is returned back through return header back
to the water reservoir. The amount of water in reservoir shall
be equal to evaporation, blown down, carryover amounts. As
the system is in operation, continuous makeup should compen-
sate the evaporation and carryover amounts. The salt concen-
trations are increased due to evaporation of water; therefore,
part of water shall be purged regularly in order to maintain
certain water quality and prevent scaling and corrosion. The
mathematical modeling was carried out similar to [14–16]
hdb ¼ 9:3625þ 1:7861 Tdb þ 0:01135 T2db
þ 0:00098855 T3db ð30Þ
hdb ¼ CPa  Tdb þ xdb  hfg ð31Þ
xdb ¼ 622 PvdbðPt  PvdbÞ ð32Þ
RH ¼ Pv
Pvdb
ð33Þ
x1 ¼ 622 PvðPt  PvÞ ð34Þ
h ¼ CPa  Tdb þ x1  hfg ð35ÞFigure 2 Schematic of gas turbine withh ¼ 9:3625þ 1:7861 Twb þ 0:01135 T2wb
þ 0:00098855 T3wb ð36Þ
Tw ¼ Twb ð37Þ
P2 ¼ P1  DPinlet ð38Þ
x2 ¼ x1 ð39Þ
T3 ¼ T2 þ eevap  ðTw  T2Þ ð40Þ4. Absorption chiller employment
The widely used type of water-lithium bromide absorption
chillers is double-effect because of their high coefﬁcient of per-
formance which is close to unity, where water is the refrigerant,
and lithium bromide is the absorbent [7]. Fig. 3 shows a sche-
matic diagram for a gas turbine with a double-effect, indirect-
ﬁred, reverse parallel ﬂow water-lithium bromide absorption
chiller. The heat input used to derive the absorption chiller is
recovered from the exhaust gasses of the gas turbine. In order
to determine the temperature of chilled water, mass and energy
balance will be applied across each component.
The current design considered a double-effect, indirect-
ﬁred, reverse parallel ﬂow absorption chiller operating at
design load, as shown in Fig. 3. Chilled water enters the evap-
orator inside the tube bundle at 12.2 C and leaves at 6.7 C.
Heat is transferred from the chilled water to the vaporized
refrigerant at an amount equal to the latent heat of vaporiza-
tion. Vaporized water in the evaporator is then extracted to the
absorber because of its lower vapor pressure and is absorbed
by the concentrated lithium bromide solution. In the absorber,
concentrated solution is supplied and sprayed at about 48.9 C
with a concentration of 63%. It is cooled by the cooling water
ﬂowing inside the tube bundle at an entering temperature of
29.4 C. As the water vapor from the evaporator is absorbed,
the solution is diluted to a concentration of about 58.5% and
its temperature drops to 35 C. The vapor pressure of the solu-
tion is then about 666 Pa abs., which is lower than the evapo-evaporative cooler and regenerative.
Figure 3 Gas turbine with double-effect, indirect-ﬁred, reverse parallel ﬂow water-lithium bromide absorption chiller and regenerative.
1908 A.A. El-Shazly et al.rating pressure of 906 Pa abs.; the heat of absorption is
removed by the cooling water. Diluted solution is then pumped
to the low temperature heat exchanger and the low tempera-
ture generator by a low temperature solution pump. In the
low temperature heat exchanger, diluted solution enters at
35 C and leaves at about 65.6 C. After the diluted solution
enters the low temperature generator, because of the release
of the latent heat of condensation from the condensed water
vapor that ﬂows inside the tube bundle of the low temperature
generator, the diluted solution is ﬁrst heated to a temperature
of 82.2 C, and the water vapor then boils off at a pressure of
about 6.5 kPa abs. As the water vapor is boiled off, the lithium
bromide solution becomes partly concentrated with a concen-
tration of 60.2%.
At the outlet of the low temperature generator, partly con-
centrated lithium bromide solution is divided into two streams:
One ﬂows through the high temperature heat exchanger and
then enters the high temperature generator through a high
temperature solution pump. The other stream combines with
the concentrated solution from the high temperature heat
exchanger and enters the low temperature heat exchanger. In
the high temperature heat exchanger, partly concentrated solu-
tion enters at 82.2 C and leaves at about 126.7 C. After that,
partly concentrated solution ﬂows into the high temperaturegenerator. In the high temperature generator, the solution is
heated to 152 C, and the water vapor boils off at a pressure
of about 52 kPa abs. As the water vapor is boiled off, the
lithium bromide solution is concentrated to 66% in the high
temperature generator. The concentrated solution returns to
the high temperature heat exchanger and cools to about
95 C as it leaves the heat exchanger. The other stream of
partly concentrated lithium bromide solution combines with
the concentrated solution from the high temperature heat
exchanger at 95 C, and the mixture enters the low tempera-
ture heat exchanger at 89 C and a concentration of 63.0%.
After it ﬂows through the low temperature heat exchanger,
the temperature of the solution drops to about 49 C. The
solution then enters the absorber, sprays over the cooling
water tube bundle, and absorbs the water vapor from the
evaporator.
As the water vapor that boils off from the lithium bromide
solution in the high temperature generator at 149 C ﬂows
through the tubes submerged in the diluted solution in the
low temperature generator, the water vapor condenses to liq-
uid form. Latent heat of condensation released from the liquid
refrigerant heats the diluted solution from 65 to 82 C and
boils off the water vapor from the diluted solution at a satu-
rated pressure of about 6.7 kPa abs. Finally, in the low temper-
Gas turbine performance enhancement 1909ature generator, the partly concentrated solution reaches a
concentration of 60% and splits into two streams when it
leaves at the outlet. The condensed liquid refrigerant that ﬂows
inside the tubes in the low temperature generator enters the
condenser at a temperature of around 90 C. Water vapor
boiled off in the low temperature generator is extracted by
the condenser’s low saturated pressure of 6.2 kPa abs. through
the top passage and condenses to liquid as the cooling water
removes the latent heat of condensation at a temperature of
about 37 C. In the condenser, condensed liquid refrigerant
from the tubes is cooled to a temperature of 37 C and com-
bined with the liquid refrigerant condensed in the condenser.
Liquid refrigerant is forced through an oriﬁce, throttled to a
pressure of about 906 Pa abs., and returned to the evaporator.
The chilled water ﬂow rate varies according to air ambient
temperature, and it was regulated and controlled by using a
ﬂow control valve along with a temperature controller in order
to maintain and ensure a precise control for inlet air tempera-
ture to compressor. For example, if the ambient temperature
went down, the control valve closes partially in order to reduce
the chilled water ﬂow rate passing through the gas turbine air
intake system and bypassing the rest of the ﬂow, and vice versa
if the ambient temperature increased.
5. Results and discussions
It is known that machines which run at constant speed have
constant volumetric ﬂow rate. Then as air ambient tempera-
ture increases, the density decreases which reduces the mass
ﬂow rate, consequently decreasing the output power. The gas280 285 290 295
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Figure 4 Compressor inlet temperatturbine performance in the present study was simulated by
constructing a computer program using C++ programming
language as an in-house code, and the results were compared
with the performance values for a GE gas turbine model MS
6001 B.
5.1. Compressor inlet temperature against ambient temperature
The compressor inlet temperature with each cooling system is
presented in Fig. 4. The evaporative cooler cools the ambient
air from the dry bulb temperature to a temperature which is
very close to wet bulb temperature, the higher the evaporative
cooler effectiveness the closer the compressor inlet temperature
to the wet bulb temperature. Although it’s very close it can’t
exceed the wet bulb temperature. On the other hand the ﬁnal
compressor inlet air temperature with using the absorption
chiller doesn’t constrain by the wet bulb temperature.
5.2. Influence of ambient air temperature variation on output
power
Fig. 5 presents the gas turbine output power at different
ambient temperatures for the base case, regenerative, evapo-
rative cooler, and absorption chiller with regenerative. The
gas turbine output power is identical for both the base case
and with the regenerative. When using the evaporative
cooler, the intake air temperature was cooled, and hence
the gas turbine output power increased. As inlet air passes
through the cooling media, the evaporation effect takes place
and the air temperature cools down. But the ﬁnal air300 305 310 315
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Figure 5 Effect of variations in ambient temperature on gas turbine output power.
1910 A.A. El-Shazly et al.temperature is constrained by the air wet bulb temperature
and the relative humidity. The minimum inlet air tempera-
ture was controlled to be 10 C in order to avoid the ice for-
mation and the use of anti-icing system to warm up the
compressor inlet air. When the ambient air temperature
reaches 10 C or falls below this value, the evaporative cooler
shall be switched off. At ISO conditions (T= 288 K), the
evaporative cooler increased the output power by 3.12%,
while at a temperature (T= 310 K) the output power
increased by 5.56%, while the absorption chiller provides
great advantages because the ﬁnal air temperature is not con-
strained by the air wet bulb temperature or the relative
humidity. As the ambient air passes over the chilled water
pipes at the air intake system, the air temperature cools
down. The minimum inlet air temperature was controlled
at 10 C in order to avoid the crystallization of the water-
lithium bromide solution and the ice formation at the com-
pressor inlet and the use of anti-icing system to increase
the inlet air temperature. When the ambient air temperature
reaches 10 C or falls below this value, the absorption chiller
shall be switched off. The chilled water ﬂow rate varies
according to air ambient temperature, and it was regulated
and controlled by using a control valve in order to maintain
and ensure a precise control for inlet air temperature to the
compressor. The gas turbine output power is constant at
45.75 MW and doesn’t change as the ambient air tempera-
ture increased.
Noting that when the ambient air temperature is below
14 C (T= 287 K) the output power of the gas turbine withevaporative cooler is higher than the output power of the gas
turbine with absorption chiller, and this is due to the fact that
the compressor work is less with the evaporative cooler than
with absorption chiller. Therefore, the output power will be
higher. The absorption chiller at ISO conditions (T= 288 K)
has increased the gas turbine output power by 4.21% while
at a temperature (T= 310 K) the output power increased by
25.47%.
5.3. Influence of ambient air temperature variation on thermal
efficiency
The thermal efﬁciency of gas turbine deteriorates signiﬁcantly
when the air ambient temperature rises.
Fig. 6 presents the thermal efﬁciency at different ambient
temperatures for the base case, regenerative, evaporative
cooler, and absorption chiller with regenerative. It is clearly
observed that the gas turbine with regenerative thermal efﬁ-
ciency is higher than the base case thermal efﬁciency and it also
decreases as a result of an increase in ambient temperature.
For example, at ISO conditions (T= 288 K) the regenerative
enhances the thermal efﬁciency by 24.44%. Evaporative cooler
enhances the thermal efﬁciency by 0.74% at ISO conditions
(T= 288 K), while at a temperature (T= 310 K) the thermal
efﬁciency is increased by 1.55%. When applying the regenera-
tive to the gas turbine with evaporative cooler it increases the
thermal efﬁciency much higher. At ISO conditions
(T= 288 K) the regenerative with evaporative cooler enhances
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Figure 6 Ambient temperature variations effect on gas turbine thermal efﬁciency.
Gas turbine performance enhancement 1911the thermal efﬁciency by 26.46%, and at a temperature
(T= 310 K) the thermal efﬁciency increased by 21.67%.
Moreover, if the absorption chiller with the regenerative is
used with the gas turbine, the thermal efﬁciency can be raised
by 27.17% at ISO conditions, and by 33.66% at a temperature
(T= 310 K).
5.4. Influence of ambient air temperature variation on heat rate
The heat rate is one of the most important parameters for the
evaluation of the performance and feasibility of design, and it
has a direct impact on the selection of the most appropriate
turbine inlet cooling system to be used for the gas turbine.
Fig. 7 presents the gas turbine heat rate at different ambient
temperatures for the base case, regenerative, evaporative
cooler, and absorption chiller with regenerative. It’s obviously
seen that the heat rate is directly related to the output power
and thermal efﬁciency, which means the output power and
thermal efﬁciency were enhanced, and this results in reduction
in the heat rate and hence minimizes the cost of the power gen-
erated. As shown in Fig. 7 the lowest heat rate is achieved with
the absorption chiller and regenerative, and this is due to the
fact that the highest output power and efﬁciency can be
achieved with using the absorption chiller and regenerator.
Also, the heat rate is constant with ambient temperature and
doesn’t change. While the highest heat rate occurs with the
gas turbine base case, it increases as the ambient temperature
increased.5.5. Influence of ambient air temperature variation on fuel mass
flow rate
When ambient temperature increases, it increases the turbine
inlet temperature which presents a dangerous on the material
of gas turbine components. Therefore, the gas turbine control
philosophy is to maintain the turbine inlet temperature ﬁxed in
order to avoid damage to the gas turbine components by
reducing the fuel mass ﬂow rate, hence maintaining the gas tur-
bine exhaust temperature constant. On the other hand, as
shown in Fig. 8, when the air ambient temperature is
decreased, the mass ﬂow rate increases which results in higher
output power. Consequently, the fuel mass ﬂow rate shall also
increases in order to keep certain air to fuel ratio and to
achieve the complete combustion conditions. Only for the
gas turbine with absorption chiller and regenerator the inlet
air temperature is constant; therefore, the fuel mass ﬂow rate
will remain constant.
5.6. Influence of ambient air temperature variation on specific
fuel consumption
Speciﬁc fuel consumption is an indication of the amount of
fuel needs to be consumed in order to produce the power.
When the ambient temperature increases, the work produced
by the gas turbine decreases. Therefore the gas turbine speciﬁc
fuel consumption increases. For all cases the gas turbine
speciﬁc fuel consumption increases with the air ambient
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Figure 7 Variations in gas turbine heat rate with ambient temperature change.
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Figure 8 Gas turbine fuel mass ﬂow rate changes with ambient temperatures.
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Table 2 Economic analysis results.
Item Base
case
Gas turbine with
evaporative
cooler
Gas turbine with
absorption
chiller
Net output power,
MW at 37 C
36.460 38.490 45.750
Net heat rate, kJ/
kW h
11,211 11,041 10,215
Average power
price, USD/kW
483 468 421
Increment in
energy generation,
MW h
– 7,308,000 33,444,000
Saving in power
price, %
– 3 13
Gas turbine performance enhancement 1913temperature rise except for the gas turbine with absorption
chiller and regenerator remains the same as the air inlet tem-
perature to the compressor was maintained constant as shown
in Fig. 9.
6. Economical study
An economic analysis has been carried out based on average
annual ambient air temperature of 37 C, relative humidity
of 60%, and actual capital cost for the gas turbine, and each
turbine inlet air cooling system, and equivalent operating
hours (EOH) 8000 h per year. The evaluation criteria of this
economic analysis depend on average power price USD/kW,
and the increment in energy generation (MW h). The evapora-
tive cooling technique provides an average power price of
468 USD/kW compared to 483 USD/kW for the base case
and an increment in energy generation of 7,308,000 (MW h).
On the other hand the absorption chiller technique provides
an average power price of 421 USD/kW compared to
483 USD/kW for the base case and an increment in energy
generation of 33,444,000 (MW h). The results are shown in
Table 2. Results showed that the saving in average power price
is 3% with using evaporative cooling while 13% with using the
absorption chiller system. At the same time, the absorption
chiller system produces an increment in energy generation
about 4.58 times higher than the evaporative cooling system.
Therefore, the best turbine inlet cooling system is the absorp-
tion chiller which provides highest output power with highest280 285 290 295
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Figure 9 Gas turbine speciﬁc fuel consumpthermal efﬁciency and a superior increment in energy genera-
tion with the lowest average power price.
7. Conclusion
The gas turbine performance deteriorates signiﬁcantly as ambi-
ent air temperature raised. An increase of 22 C in the inlet air
temperature results to a loss of 16.94% in the gas turbine out-
put power and of 4.85% in the thermal efﬁciency. The evapo-
rative cooler system has provided only a limited temperature300 305 310 315
emperature [K]
erative
th regenerative
 regenerative
tion changes with ambient temperatures.
1914 A.A. El-Shazly et al.drop because it depends on the ambient wet bulb temperature
while the absorption chiller system has provided a large tem-
perature drop. In order to compare the performance of both
the evaporative cooler system and the absorption chiller, the
gas turbine performance was tested over a wide temperature
range. Ambient temperature equals 37 C. The gas turbine
base case (without turbine inlet cooling) produces an output
power of 36.46 MW while the gas turbine with evaporative
cooler system produces an output power of 38.49 MW, and
the gas turbine with absorption chiller reaches constant output
power of 45.75 MW. Obviously, an increment of 2.03 MW is
gained with using the evaporative cooler system, while an
increment of 9.29 MW is gained by using the absorption chiller
system. Therefore, the output from the current study shows
that the gas turbine with absorption chiller and regenerator
is the best solution with highest output power, thermal efﬁ-
ciency, and increment in energy generation and lowest average
power price.
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